We present long term optical variability studies of bright X-ray sources in four nearby elliptical galaxies with Chandra Advanced CCD Imaging Spectrometer array (ACIS-S) and Hubble Space Telescope (HST) Advanced Camera for Surveys observations. Out of the 46 bright (X-ray counts > 60) sources that are in the common field of view of the Chandra and HST observations, 34 of them have potential optical counterparts, while the rest of them are optically dark. After taking into account of systematic errors, estimated using the field optical sources as reference, we find that four of the Xray sources (three in NGC1399 and one in NGC1427) have variable optical counterparts at a high significance level. The X-ray luminosities of these source are ∼ 10 38 ergs s
INTRODUCTION
The unprecedented angular resolution of Chandra satellite has enabled the study of X-ray point sources in nearby galaxies. Most of these point sources are expected to be X-ray binaries like the ones found in the Milky Way. An important result of the Chandra observations was the confirmation of Ultraluminous X-ray sources (ULXs), discovered with Einstein observatory in the 1980s (Fabbiano 1989) . These are off-nuclear X-ray point sources with X-ray luminosities in the range 10 39 − 10 41 ergs s −1 . The observed luminosities of ULXs exceed the Eddington limit for a 10M ⊙ black hole, which has led to a sustained debate on the nature of these sources. Since ULXs are off-nuclear sources, their masses must be < 10 5 M ⊙ from dynamical friction arguments (Kaaret et al. 2001 ). Thus, ULXs may represent a class of Intermediate Mass Black holes (IMBHs) whose mass range (10M ⊙ < M < 10 5 M ⊙ ) is between that of stellar mass black holes and super massive ones (Makishima et al. 2000) . Further the nature of the sources in nearby galaxies, which are less luminous than ULX, is also not clear and it is difficult to ascertain whether they harbour neutron stars or black holes. The primary reason for these uncertainties is that unlike Galactic X-ray binaries, it is difficult to identify the companion star in the optical and obtain the binary parameters. For most X-ray sources in nearby galaxies, the associated optical emission is due to the integrated light from a host globular cluster (Kim et al. 2006 Ptak et al. 2006; Goad et al. 2002) and it is usually not possible to resolve and identify the companion star. However, these studies provide important information regarding the environment of the X-ray sources. For example, ULXs in early type galaxies are associated with red globular clusters (Ptak et al. 2006; Angelini et al. 2001) . Even the non-detection of optical emission allows one to impose strong upper limit on the black hole mass for these accreting systems based on some standard assumptions (Jithesh et al. 2011 ). However, a more direct inference on the nature of the system requires identification and spectral measurement of the associated optical emission. An important aspect of identifying the correct optical counterpart in a crowded field is to check for optical variability. If the optical emission is variable, it is most probably directly associated with the X-ray source and not the integrated light of stars in a globular cluster. Indeed, for low mass X-ray binaries in the Galaxy, the optical emission is variable and is for some cases correlated with the X-ray emission (e.g.4U 1636-536: Shih et al. 2011) while for others it is not (e.g. GX 9+9: Kong et al. 2006 ). The optical variability may be due to the orbital motion of the donor star or reprocessing of the variable X-ray emission or X-ray heating of the companion. However, typically the optical counterpart of X-ray binaries in nearby galaxies will not be resolved, especially if the source is in a globular cluster. Hence it is not expected that optical variability will be seen for them.
Nevertheless, variability of optical counterparts have been measured for the bright X-ray sources in nearby galaxies. For example, the optical counterpart of NGC1313 X-2 has been identified as a O7 star at solar metallicity, The optical counterpart exhibits variability at ∼ 0.2 mag on short time scales (Liu et al. 2007; Grisé et al. 2008 ) and the variability may be due to varying X-ray irradiation of the donor star and a stochastic varying contribution from the accretion disk. An independent study of the same source (Mucciarelli et al. 2007 ) revealed that the optical flux of the counterpart shows variation ≤30% and that it may be a main-sequence star of mass ∼ 10 − 18M ⊙ feeding to a black hole of mass 120M ⊙ . The optical counterpart of Holmberg IX X-1 exhibits photometric variability of 0.136 ± 0.027 in the HST/ACS V band images although it seems to have a constant magnitude within photometric errors (22.710 ± 0.038 and 22.680 ± 0.015) in SUBARU V band images. Tao et al. (2011) have reported the optical variability for three ULXs, M101 ULX-1, M81 ULX1 and NGC1313 X-2, at a magnitude difference of 0.2 or larger in the V band. Some of the X-ray sources in nearby galaxies could be background AGN and it is expected that their optical emission would be variable.
It is important to identify more X-ray sources that have optically variable counterparts, which then can be subjected to more detailed observational follow-ups such as spectral and/or simultaneous Xray/optical observations. A systematic analysis of a number of galaxies to identify such sources will be crucial to understand the nature of these sources. Such an analysis would require multiple optical observations of a galaxy, a uniform scheme to identify optical counterparts of the X-ray sources and more importantly an estimate of the systematic uncertainties in order to avoid any spurious variability that may arise if only statistical errors are considered.
In this work, we consider elliptical galaxies which are 20 Mpc away that have been observed by Chandra and have more than one HST observation in the same filter. We restrict our analysis to ellipticals since for them the continuum optical emission can be modelled and subtracted out to reveal optical point sources (Jithesh et al. 2011) . Using the field optical sources we estimate the systematic errors in the optical flux measurements and hence can report true optical variability at a high confidence level. Our aim is to study the optical counterpart variability of bright X-ray sources (X-ray counts > 60) whose X-ray spectra can be modelled and hence a reliable estimate of its luminosity can be obtained.
In the next section, we describe the selection of the sample galaxies. Section3 and Section4 describe the X-ray analysis and the method to identify the optical counterparts and to compute the photometry with systematic errors. We discuss the results in Section5. 
Notes: (1) Host galaxy name; (2) Distance to the host galaxy from NED; (3) Chandra observation ID; (4) Chandra Observation Date; (5) Exposure time in kilo seconds; (6) HST observation ID; (7) HST Filter; (8) Observation Date; (9) Number of common sources in the field of view of X-ray and optical images.
SOURCE SELECTION
The samples were selected based on three criteria. (1) The distance to the host galaxy is 20 Mpc, (2) The galaxy has Chandra observation and (3) has more than one epoch HST observation in the same filter. Based on these criteria, we have selected five galaxies which are listed in Table 1 . For three of the galaxies there are multiple Chandra observations which we use to study the long term X-ray variability. Using the longest exposure Chandra observations we identify X-ray sources which have counts > 60, so that we can obtain reliable X-ray spectra for them. Of these, we selected those that fell within the field of view of both the HST observations. For NGC2768 the only source that fulfilled these criteria was the central AGN and hence we report no further analysis of the galaxy.
NGC1399 and NGC4486 are giant elliptical galaxies in the center of the Fornax and Virgo clusters respectively and are well-known for their populous globular cluster systems (Kim et al. 2006; Dirsch et al. 2003; Bassino et al. 2006; Angelini et al. 2001; Jordán et al. 2004; Irwin 2006; Sivakoff et al. 2007 ). The Chandra analysis (Angelini et al. 2001 ) of NGC1399 shows that a large fraction of 2 − 10 keV X-ray emission is most likely from the low-mass X-ray binaries (LMXBs). The HST study of these Chandra identified X-ray sources shows that ∼ 70% (26 of 38 sources) of these sources are associated to Globular Clusters (GCs). The specific frequency of globular cluster in this galaxy is 2-3 times that of typical elliptical galaxies (Harris 1991 (Irwin et al. 2010) . Irwin et al. (2010) suggest that the lack of Hα and Hβ emission line in the spectrum may be an indication of a disruption of a white dwarf star by an intermediate mass black hole (IMBH).
The analysis of Chandra deep observations of the nearby elliptical galaxy NGC4278, identified 236 X-ray point sources with luminosity ranging from 3.5 × 10 36 ergs s −1 to 2 × 10 40 ergs s −1 ). This galaxy has rich globular cluster systems and 39 of them are coincident with X-ray sources which lie within the D 25 ellipse of the galaxy. 10 of the GC-LMXB associated sources lie at the high X-ray luminosity end (L X > 10 38 ergs s −1 ). Also, 44% of the X-ray source population exhibit long term variability indicating that they are accreting compact objects. Fabbiano et al. (2010) analysed the spectra of the X-ray sources by fitting with either single thermal accretion disk or power law model and the best-fit parameters are similar to those of Galactic BH binaries. Seven luminous sources have luminosity exceeding the Eddington limit for accreting neutron stars. Four of these sources are associated with GCs and the other three do not have optical counterparts and are found in the stellar field of NGC4278.
NGC1427 is a low luminosity elliptical galaxy in Fornax cluster and its globular cluster association has been studied by Forte et al. (2001) and Kissler-Patig et al. (1997) . The photometry studies reveal a bimodal cluster population in this galaxy and suggest that the formation mechanism of globular clusters in low luminosity galaxies shows similarities with giant galaxies. The Chandra ACIS Survey of X-ray point sources (Liu 2011) identified two ULXs in this galaxy with luminosity ≥ 2×10 39 ergs s −1 . Among them, one source is inside the D 25 region of the galaxy, and the other is outside the D 25 region.
X-RAY ANALYSIS
We start with analysing the Chandra observations listed in Table 1 . These are observations with Advanced CCD Imaging Spectrometer array (ACIS-S) and the data reduction and analysis were done using CIAO 4.2, and HEASOFT 6.9. Using the CIAO source detection tool celldetect, the X-ray point sources were extracted from the level 2 event list with signal-to-noise ratio of 3. Some of the extracted sources are near the nucleus and in the excessive diffused emission regions and hence these sources were not included in the analysis. The extracted sources with net count ≥60 were selected. The spectral analysis was done using XSPEC 12.6.0, and the data were fitted in the energy range of 0.3 -8.0 keV.
All sources were fitted with two spectral models: an absorbed power law and an absorbed disk black body. Absorption was taken into account using the XSPEC model wabs. If the χ 2 difference between the two models was larger than 2.7, we took the model with the smaller χ 2 to be the representative one. If the χ 2 difference was less than 2.7 (i.e. when both models equally well represent the data), we choose the representative model to be the one which gave a lower luminosity. The analysis has been done for both observations listed in Table 1 , with the longer observation being called the first one and the shorter one the second. Table 2 lists the spectral parameters corresponding to the representative model. The spectra of two sources in NGC1399 are not well fitted with either model and a closer inspection revealed the presence of an additional mekal component which has been added.
To quantify the long term variability of the X-ray sources we consider sources that are in the field of view of both observations. We jointly fit the spectra using the same model parameters except that we introduce a constant factor which multiplies the later observation. In other words, we keep the absorption and the spectral parameters (i.e. either the temperature or the power-law index) same for both data sets, but allow for variation in the relative normalization. If the constant is unity, then the source has not varied. We consider a source to be X-ray variable only if the constant C 2 is inconsistent with unity at 2-sigma level i.e. |C 2 − 1|/σ C2 > 2. The results of the joint fitting are shown in Table 3 . As expected, several of the X-ray sources clearly exhibit long term variability.
OPTICAL COUNTERPARTS AND PHOTOMETRY
We search for the optical counterparts for these X-ray sources by using the archival HST ACS images listed in Table 1 . Typically, the optical sources in the HST images are too faint against the dominant galaxy light and hence to detect them, the galaxy light was modelled by isophotes of ellipses using the ellipse task in IRAF/STSDAS software. The modelled image was then subtracted from the observed galaxy image to obtain a residual image. The optical point sources were then extracted from the residual image by using SEXTRACTOR with a threshold level of 3σ.
By visual inspection, we could see that for many of the Chandra X-ray sources within an error circle of one arcsecond there is an obvious optical source. However, there was a systematic positional offset of one arcsecond between the Chandra and HST source positions. This constant positional offset was applied to the X-ray sources and then the shifted X-ray positions were compared with the optical source positions in the SEXTRACTOR catalogue. A more detailed explanation with clarifying images is presented in Jithesh et al. (2011) . This constant offset is less than the offset of 2.3 arcsec applied for the source SN 1993J in the study of a ULX in M81 (Liu et al. 2002) . We analysed a total of 46 bright X-ray sources, which are in the field of view of HST images and identified the optical counterpart for 34 sources. The optical counterparts identified are unique and for most of the counterparts there is no other optical source even within the 3 arcsec from the optical position. The remaining 12 sources didn't have an optical counterpart at their respective positions.
Photometry of the optical counterparts as well as all the sources detected by SEXTRACTOR was computed on the drizzled images with IRAF/APPHOT package. The drizzled images were converted from e − /s/pixel to e − per pixel by multiplying the total exposure time. An aperture radius of 0.5 Table 2 Spectral Properties of point sources and best-fit models for first and second epoch Notes: # denotes the sources are present only in first observation. * denotes the sources are present only in second observation. ‡denotes an additional mekal model added to get better fit for these sources. Host Galaxy Name; Right Ascension; Declination; n H , equivalent hydrogen column density in 10 22 cm −2 for the first observation; Γ/kT in , photon power law index or inner disk temperature in keV in the first observation; L unabs , Unabsorbed X-ray luminosity in ergs s −1 in the energy range, 0.3-8.0 keV for the first observation; χ 2 /d.o.f , statistics and degree of freedom in the first observation; Best-fit Model (P-Power law, D-Disk black body) in the first observation; n H , equivalent hydrogen column density in 10 22 cm −2 for the second observation; Γ/kT in , photon power law index or inner disk temperature in keV in the second observation; L unabs , Unabsorbed X-ray luminosity in ergs s −1 in the energy range, 0.3-8.0 keV for the second observation; χ 2 /d.o.f , statistics and degree of freedom in the second observation; Best-fit Model (P-Power law, D-Disk black body) in the second observation; Galactic absorption column density for NGC1399, n H = 1.53 × 10 20 cm −2 ; Galactic absorption column density for NGC4486, n H = 2.04 × 10 20 cm −2 ; Galactic absorption column density for NGC4278, n H = 1.99 × 10 20 cm −2 ; Galactic absorption column density for NGC1427, n H = 1.63 × 10 20 cm −2 . Notes: Host Galaxy Name; Right Ascension; Declination; n H , equivalent hydrogen column density in 10 22 cm −2 ; Γ, photon power law index; Power law Normalization in 10 −5 ; kT in , inner disk temperature in keV; Disk black body Normalization in 10 −1 ; Const 2 , Constant2; χ 2 statistics and degree of freedom; X-ray variable (Y-Yes, N-No) and its significance; Galactic absorption column density for NGC1399, n H = 1.53 × 10 20 cm −2 ; Galactic absorption column density for NGC4486, n H = 2.04 × 10 20 cm −2 ; Galactic absorption column density for NGC4278, n H = 1.99 × 10 20 cm −2 ; Constant1, Const 1 = 1.00.
arcsec was used to extract the flux by the task APPHOT and the magnitudes in the AB magnitude system were calculated using the zero points taken from HST ACS data handbook. The aperture correction were computed from a list of APPHOT photometry files using the DAOGROW algorithm (Stetson 1990 ) and the correction is applied to the magnitudes. For those X-ray sources that didn't have an optical counterpart (i.e. optically dark X-ray sources) we obtained the upper limit of the optical flux at the X-ray positions.
Our aim is to estimate the optical variability of point sources from two observations of a galaxy. This requires a reliable estimate of the statistical and systematic errors, if any, in the optical flux. From the photometry, we get the total counts, C (sum from photometry in ADU) and the background subtracted counts, C S (flux from photometry in ADU) of each source. The statistical error on C S can be taken to be δC S = C/epadu where epadu is the gain parameter in electron per ADU. For the two observations of NGC1399, we plot in Figure 1 the background subtracted counts C S1 and C S2 against each other for 848 sources that are in the common field of view. There is the obvious correlation with a large scatter and several outliers. Since there are outliers which may affect any least square fitting technique, we use the robust method (Press et al. 1992) with their corresponding statistical errors to determine if a source is variable. However, the statistical errors are small and as evident in Figure 1 , this would imply that a large number of the field sources are variable. Since, we know that this is not the case and indeed most of the field sources are expected not to vary there is systematic error involved. A better way to illustrate this is to plot the
2 . If most of the sources are non-variable and there was no systematic error, then the distribution should be a zero centred Gaussian with width σ = 1. However, Figure 2 shows that as the distribution is significantly broader. We find that if we add a systematic of S = 525/ √ 2 to the uncertainties of the flux in quadrature to both observations, then the distribution is consistent with being a Gaussian with σ = 1 as shown in Figure 3 . To corroborate that this indeed is the correct level of systematic error, we do the following exercise. For each pair of optical fluxes, we compare with a constant and obtain the chi-square,
where C S0 is the model constant flux whose value is obtained by minimizing χ 2 (i.e.
Since the number of data points is two and the number of parameters (i.e. C S0 ) is one, the degree of freedom here is one. Hence, if the model for a majority of the sources (i.e. the sources are not variable) and the error estimates are correct then the distribution of χ 2 should be a chi-square distribution of order one i.e. Figure 4 shows the distribution of χ 2 for all the 848 sources in NGC1399. The solid line is the expected distribution P (x). For a majority of the sources which are expected not to be variable χ 2 < 2 as expected. More importantly the distribution matches well with the majority including the low χ 2 values of ∼ 0.01. This strongly implies that the systematic error used is reliable. We could not identify the cause for the systematic errors despite our best efforts. However, we note that such deviations have been reported in similar works. For example, for NGC 1313, Liu et al. (2007) reported that out of 399 optical sources they examined, more than 81 (i.e. 20%) had variability above 2 sigma, while the expected number was more like 10%. The measured distribution deviates from the expected one for χ 2 > 12 and these are the few truly variable sources in the sample. Thus we can state confidently and conservatively that sources with χ 2 > 12 are indeed variable and we use this criterion for this work. About 93% (792) cross identified sources are not variable between the two observations and 56 sources are optically variable i.e χ 2 ≥12. While the results presented above are for NGC1399, we use the same technique to establish the systematic error for the other three galaxies and for each of them we find that χ 2 > 12 to be a good conservative criterion for optical variability. The photometric optical magnitudes of the X-ray sources of the sample have been provided in Table 4 . Table 5 provides the properties of the four X-ray sources which are optically variable. We have also estimated the difference in the magnitude of these sources by comparing the F814W and F850LP data. Even though they are different bands, three sources (source 2 and source 3 in NGC1399, one source in NGC1427) show a magnitude difference of 0.1 -0.4. But the Source 1 in NGC1399 has a magnitude difference of 0.02 only in these filters. Fig. 1 The background subtracted counts (C S ) of the common sources from both observation is fitted to a straight-line by the robust estimation method.
DISCUSSION
In this work we have studied the long term X-ray and optical variability of X-ray sources in four nearby elliptical galaxies. For the 46 sources in the sample, we have fitted their X-ray spectra using an absorbed power-law or black body model for two Chandra observations and found that 24 of them show long term X-ray variability. For 34 sources, we have identified optical counterparts. After estimating the systematic error on the photometric magnitude, we find that four of the sources clearly exhibit long term optical variation. Since the optical counterpart is varying it cannot be the integrated light of stars in a globular cluster. Thus, one may expect that the optical variability is induced by the X-ray source. If that is so, these sources are important candidates for further study. The optically variable X-ray sources could be background Active Galactic Nuclei (AGN). The reported optical colours (g -z) for the sources in NGC1399 (Shalima et al. 2013 ) are tabulated in Table 5 and they reveal that the objects are blue and one of them is bluer than blue globular clusters, 1.3 < g − z < 1.9 (Paolillo et al. 2011) . Indeed, the optically variable sources (Source 1 and 2 in NGC1399) were identified as possible contaminants in an earlier analysis (Kundu et al. 2007 ). The analysis of HST/WFPC data reveals that these sources are bluer than B − I = 1 .5 and hence are not globular clusters. Blakeslee et al. (2012) g, V, I, z and H bands. In their study, the sources with 19.5 < I 814 < 23.5 and 0.5 < g 475 − I 814 < 1.6 are classified as the globular clusters. and the optically variable sources in NGC1399 (source 1 and 2) again do not satisfy their criteria. This may indicate that they may be background AGN and indeed their IR colours also support this interpretation. Studies have shown that AGN have flux ratios > 0.63 in the 5.8 and 3.6µm bands i.e. F 5.8 /F 3.6 > 0.63 (Polletta et al. 2006; Lacy et al. 2004) . Shalima et al. (2013) have looked for IR counterparts of X-ray sources in NGC1399 using Spitzer data. Their quoted IR flux and ratios are tabulated in Table 5 . All four sources have IR flux ratios ≥ 0.63, indicating that they maybe background AGN. Unfortunately these sources are not in the field of view of the Spitzer 4.5 and 8.0µm images, which would have provided more information on the nature of these sources. We do not find evidence for any optical counterpart to disappear or flux changes by order of magnitude. Such variations would be expected if the X-ray emission is due to a violent transient event like a very bright nova explosion or a tidal disruption of a white dwarf by a black hole. Such transient events are expected to show dramatic variation in both X-ray and optical flux. While there are several X-ray sources which are not detected in the other Chandra observation, none of them exhibit dramatic variability in the optical. For example, as mentioned earlier, Irwin et al. (2010) (C S1 -C' S2 )/σ ∆C S12 Fig. 3 The fraction of sources in each bin of (C S1 − C ′ S2 )/σ ∆CS12 with a systematic (S) added to the uncertainty in flux. The green dotted line is Gaussian distribution with mean = 0 and sigma = 1.
Hα and Hβ in the spectrum of a ULXs in NGC1399 (CXOJ033831.8-352604) may indicate the tidal disruption of a white dwarf by a black hole. However, here we find that neither the X-ray nor the optical flux show any long term variation.
Clearly, conclusive evidence on the nature of these sources can be obtained only by studying their optical spectra and confirming by emission line studies whether a source is a background AGN or not. Such studies will also provide clear information about the origin of the optical source. Since this would require large telescopes in excellent seeing conditions, it is important to choose good potential candidates such as the optically variable sources identified here. A positive identification of a optically variable source as not being a background AGN, would be the crucial step towards understanding these enigmatic sources. Notes: (1) Host Galaxy Name; (2) Right Ascension; (3) Declination; (4) Log of unabsorbed X-ray luminosity in ergs s −1 for first observation; (5) Best-fit Model; (6) Constant2; (7) X-ray variable (Y-Yes, N-No) and its significance; (8) Aperture corrected magnitude in the first observation; (9) Aperture corrected magnitude in the second observation; (10) The difference in magnitude; (11) Significance of the Optical variability. In the sample, two sources (3h38m33.09s, -35 • 27 ′ 31.53" in NGC1399 and 12h30m47.15s, 12 • 24 ′ 15.91" in NGC4486) have two possible optical counterparts. Hence we report the magnitude of each counterpart. (1) Host Galaxy Name; (2) Right Ascension; (3) Declination; (4) log of unabsorbed X-ray luminosity in ergs s −1 for first observation; (5) The difference in magnitude; (6) Significance of the Optical variability; (7) Optical colour (g-z) derived from Vega magnitude; (8),(9) IR flux in mJy for the 3.6µm and 5.8µm bands; (10) Mid-IR flux ratio.
